Myocardial force-velocity relationships were studied in 33 children and young people with varying heart lesions. From 
HUGENHOLTZ ET AL. ventricular performance.' However, most of these indices reflect only indirectly one or more of three separate but interdependent factors: (1) the intrinsic contractile state or contractility of the myocardium, (2) the enddiastolic volume or fiber length of the ventricle (preload), and (3) the impedance to ventricular ejection (afterload) . ' In view of the fact that the heart is a muscle with definable mechanical characteristics,2-4 recent studies have been directed toward the analysis of ventricular performance in terms of the underlying muscle properties. In several studies of animals the principles derived from isolated muscle mechanics have now been applied to the intact ventricle, and these studies have demonstrated an inverse relation between velocity of shortening and load in the functioning animal heart, in other words, the force-velocity relation. [5] [6] [7] Isolated muscle studies have shown that the maximal velocity of shortening at zero load (Vmax) is characteristic of the contractile state of the muscle8 which is independent of initial muscle length. 3 8, 9 In man, however, such studies have generally been limited to the ejection phase of ventricular contraction, when the relationships between force and velocity are more complex'0' 11 since afterload and fiber length cannot be excluded from the calculations. In view of the studies in animals which have shown that Vmax may be a sensitive measure of the contractile state of the heart,8' 9we felt that an attempt to obtain similar information in man would be of value.
In the present study, the relation between contractile element velocity and stress has been derived from the isovolumic portion of left ventricular contraction, and Vmax has been obtained. Vmax Methods Thirty-five studies in 33 patients, aged I month to 29 years, with a variety of congenital or acquired cardiac disorders, were selected from a larger series on the basis of technically adequate data. The requirements included biplane angioing the thickness of the wall was employed for the evaluation of stresses in the left ventricular wall. This analysis permits calculation of the three normal components of stress in the radial, circumferential, and meridional directions at any point in the wall of the left ventricle. The theory yields a nonlinear stress distribution through the wall thickness, a result which cannot be predicted by Laplace's law. In the present analysis, the circumferential stress at the midwall of the equator was employed and is given by:
cardiographic films of excellent quality (taken at 6 or 12 frames/sec with a Schonander film changer or at 60 frames/ sec on 35-mm film with a motion picture camera), the absence of premature ventricular contractions during injection of contrast material, and the availability of left ventricular pressure tracings either immediately preceding (without change in heart rate) or 
Results
The data from all patients, including LVEDP, LVEDV, LV Wt, EF, the maximum value of the first derivative of left ventricular pressure, peak dp/dt, Vmax, and VCE extrapolated to end-diastolic stress as obtained from the stress-velocity curve are listed in table 1. Vmax was tabulated for the groups considered normal or abnormal according to conventional hemodynamic criteria ( fig. 3 ). The data demonstrate that the majority of the patients considered by conventional hemodynamic criteria to have normal function had a Vmax greater than 3 circumferences/sec (circ/ sec). Four patients in the abnormal group with a Vrnax less than 2.5 have since died, and autopsies revealed subacute or chronic myocarditis. . 6 ). Peak dp/dt correlated somewhat better with Vmax (r=0.69) ( fig.  7 ), but the scatter was too wide to be useful in assessing the individual patient. When Vmax calculated from the relation between VflE and stress was compared with Vmax derived from pressures alone, a high coefficient of correlation and little scatter was observed (r = 0.92) ( fig. 8) I.
HUGENHOLTZ ET AL. The relationship between V.a.,, and peak dp/dt was better than with any other hemodynamic variable, but there was considerable scatter. abnormal function of the cardiac pump. C. M. (fig. 3) Three of the other patients with low values in this group ( fig. 3 ) had indirect evidence that impaired muscle function had existed. L. M. is a 29-year-old woman with rheumatic mitral stenosis and regurgitation who may have a myocardial component to her rheumatic heart disease that has not yet shown any obvious hemodynamic abnormalities. Also, she is the oldest patient in the study; the effect of age on Vmax has not been determined. M. Dr. was affected by a severe episode of acute rheumatic fever in early youth which had left him with mild aortic valve insufficiency. S. C. had an atrial septal defect, and it is of some interest that patients with ASD have shown abnormal muscle function when challenged by isoproterenol. 18 Thus, it may be suggested that some element of left ventricular dysfunction exists with pure right ventricular overloads, and this view warrants further study.
One other group of patients deserves notice. These are the patients ( fig. 3 and table 1 ) in whom the pumping action of the heart appears impaired on the basis of an increased end-diastolic pressure or volume or a decreased ejection fraction, while the Vmax suggests normal or only borderline depression of myocardial muscle function. One of the patients in this group, R. R., has aortic stenosis and his abnormal hemodynamic state may represent an increase in afterload rather than an impairment of muscle function. R. A. is a patient with idiopathic hypertrophic subaortic stenosis who was also felt to have an excessive afterload on his initial study. It is interesting that during a second study, after treatment with large doses of the beta-adrenergic blocking agent propranolol for almost 2 years, the Vmax has decreased. Whether this represents decreased muscle function due to progression of his muscle disease or reflects suppression of function secondary to the propranolol itself is not known. Another interesting patient in this group is R. O., a 3-year-old child who developed severe congestive heart failure at 1 month of age. Cardiac catheterization revealed critical aortic stenosis, and because of the greatly elevated LVEDP (to 33 Comparison of Vma7 (at zero stress) and V,E at end- obtained at 5-msec intervals after interpolation from a composite of films taken at random during several cycles, or at 8.3 msec when cineangiograms were used, real observations were still at least 16.7 sec apart with the cineangiograms, and frequently even further apart when the 6/sec biplanes were taken. Higher filming speeds which would increase the number of observation points to 10 or 12 during the isovolumic phase are much preferred. Studies to carry out these investigations are now in progress.
Balancing these objections to the technic is a solid base of evidence in animals that the technic does in fact meet the demands listed earlier for an index of contractility.21 Vmax calculated in these experiments has been shown to be independent of end-diastolic fiber length and of systolic loading and to be sensitively dependent on the inotropic state of the myocardial muscle. Despite the limitations of this technic when applied to man, the present analysis suggests that Vmax supplies information regarding myocardial contractility not otherwise available from data conventionally derived at cardiac catheterization.
Of further note, the utilization of ventricular angiography to define fiber motion as well as tension in the wall of the ventricle permits an estimation of Vma, despite valvular regurgitation or interventricular shunting. Nevertheless, the simplified derivation utilizing pressure measurements alone appears adequate in most instances as noted from the good correlation obtained between the two methods in figure 8 . This does not vitiate the need to utilize ventriculography to exclude problems of valvular insufficiency, interventricular shunting, and asynchronous ventricular contraction. In these latter situations more complex analyses may be required. In addition methods for obtaining Vmax or similar indices will obviously undergo further refinement to improve their ease of calculation and accuracy of measurement. 
